We present the results of spectroscopy of four bright proplyds in the Orion Nebula obtained at a velocity resolution of 6 km s −1 . After careful isolation of the proplyd spectra from the confusing nebular radiation, the emission line profiles are compared with those predicted by realistic dynamic/photoionization models of the objects. The spectral line widths show a clear correlation with ionization potential, which is consistent with the free expansion of a transonic, ionization-stratified, photoevaporating flow. Fitting models of such a flow simultaneously to our spectra and HST emission line imaging provides direct measurements of the proplyd size, ionized density and outflow velocity. These measurements confirm that the ionization front in the proplyds is approximately D-critical and provide the most accurate and robust estimate to date of the proplyd mass loss rate. Values of 0.7-1.5 × 10 −6 M ⊙ yr −1 are found for our spectroscopic sample, although extrapolating our results to a larger sample of proplyds implies that 0.4 × 10 −6 M ⊙ yr −1 is more typical of the proplyds as a whole. In view of the reported limits on the masses of the circumstellar disks within the proplyds, the length of time that they can have been exposed to ionizing radiation should not greatly exceed 10 4 years -a factor of 30 less than the mean age of the proplyd stars. We review the various mechanisms that have been proposed to explain this situation, and conclude that none can plausibly work unless the disk masses are revised upwards by a substantial amount.
INTRODUCTION
Thick disks of circumstellar material seem to be an integral and perhaps necessary component of newly formed stars. When these stars are found in or near an H II region the possibilities of their detection and survival become quite different than in regions lacking massive early type stars. The identification of this special class of objects, called the proplyds , was first made in the Orion Nebula, with two more distant objects having been found (Stapelfeldt et al. 1997 , Stecklum et al. 1998 ). The Orion proplyds are bright and have been detected as unresolved stars for many decades; however, their special nature did not begin to become unveiled until the emission line images of Laques & Vidal (1979) showed them to be compact ionized sources. These observations were extended with VLA observations at an angular resolution of 0.1 ′′ (Garay et al. 1987 , Churchwell et al. 1987 , with the latter paper identifying their correct nature (young stars with circumstellar clouds photoionized from the outside by θ 1 C Ori) as one of the possible models, a view shared by Meaburn (1988) soon after. However, it was the first HST WFPC2 images in the core of the Orion nebula that clearly revealed the correctness of this interpretation and showed that the proplyds came in a variety of forms and brightnesses. What one sees depends very much on the location and orientation of the proplyd. Those distant from θ 1 C Ori and shielded from its ionizing radiation appear dark in silhouette against the bright nebular background, while those close to θ 1 C Ori have their outer parts ionized by that star. This is revealed by bright cusps on the side facing θ 1 C Ori, the surface brightness of which scales with distance from the ionizing star in the manner expected (O'Dell 1998) . In several of the bright proplyds one can see the inner neutral dust disk in silhouette. In all cases one can see a low mass star at the center of the proplyd, except for two objects whose disk plane lies almost along the line of sight (McCaughrean & Stauffer 1994 , O'Dell & Wong 1996 , McCaughrean & O'Dell 1996 .
A neutral hydrogen column density of about 10 17 cm −2 is all that is required to reach an optical depth of unity in the Lyman continuum radiation and thus an ionization front (IF). It is not surprising, therefore, that the bright proplyds are bounded on the side facing the ionizing star by a well defined ionization boundary. That the bright rims are indeed IFs is established not only by the variation of their surface brightness as the inverse square of the distance from θ 1 C Ori, but also from the fact that this feature is also bright in [O I] and [S II] lines, telltale emission that can only arise in an IF. The most promising explanation for the observed structure of the bright proplyds, is that a dense, slow neutral wind is driven from the (largely molecular) circumstellar accretion disk by the heating effect of non-ionizing FUV radiation. This explanation was initially hinted at by McCullough (1995) , but was first developed in depth by Johnstone et al. (1998) . The flux of ionizing EUV photons is not sufficient to ionize this wind all the way to its base and so an IF forms that is offset 1 from the disk surface by a few disk radii. At present quite sophisticated models for the proplyds have been generated within this framework (Henney & Arthur 1998 , Johnstone et al. 1998 , Störzer & Hollenbach 1998 , all sharing the features that neutral hydrogen is fed from the disk (where hydrogen exists as H 2 , Chen et al. 1998 ) into an extended outer atmosphere whose side facing θ 1 C Ori or θ 2 A Ori is photoionized. The Störzer & Hollenbach (1998 ) models contain the most detailed treatment of the photodissociated neutral flow and establish that they can explain both the intensity of the H 2 at the boundary of the inner disk and also the [O I] emission that has been observed there (Bally et al. 1998b ) and cannot arise from collisional excitation by photoelectrons. Models in which the accretion disk is directly ionized by EUV radiation (Henney et al. 1996 , Richling & Yorke 1999 ) may apply to the smallest proplyds, which are closest to θ 1 C Ori. The fact that material should freely flow away from the ionization front (Dyson 1968) , hence producing mass loss from the proplyds, was recognized as early as the Churchwell et al. (1987) discovery paper, with current models predicting rates of about 10 −7 -10 −6
M ⊙ yr −1 . The mass loss rate depends on the IF radius, r 0 , photoevaporating flow velocity, u 0 , and peak ionized density, n 0 , as (Ṁ /10 −7 M ⊙ yr −1 ) ≃ 2-4 (r 0 /10 15 cm) 2 (u 0 /13 km s −1 )(n 0 /10 6 cm −3 ). The constant of proportionality in this equation varies according to the relative importance of mass loss from the sides and tails of the proplyds. The masses of the disks can be estimated from thermal emission from their dust component, with the result that the most massive contain about 10 Mundy et al. 1995 , Lada et al. 1996 , Bally et al. 1998b . Combining these masses with the theoretically predicted mass loss rates, indicates disk destruction times of about a few times 10 4 to 10 5 years. Although one knows that the Trapezium Cluster (TC) is quite young (Hillenbrand 1997) , the position of the stars on the luminosity versus temperature diagram indicating an age of 300,000 to 10 6 years, the uncertainties of the pre-main sequence stellar models being used prevents determination of an exact age or identification of an extended period of star formation. In any event, the theoretically predicted disk survival ages are short compared with the age of the cluster, and, furthermore, there is no depletion of proplyds as one samples regions closer to θ 1 C Ori (O'Dell & Wong 1996 , Henney & Arthur 1998 . This means that we are missing some ingredient in the modeling. Störzer & Hollenbach (1999) argue that the conundrum can be resolved by assuming that the proplyds are in highly elliptical orbits, thus spending only a small fraction of their time in the vicinity of θ 1 C Ori. O'Dell (1998) has argued that Lyα photons trapped within the confines of the nebula can produce a sufficent net inward force to stop the proplyd loss of mass, but it should be noted that what he derives as the amount of this constraining pressure would actually be an upper limit. Although there was some hope that one could determine from the HST images whether or not the ionized portions of the proplyds were in static equilibrium, these aspirations were dashed when Henney & Arthur (1998) showed that the nearly exponential surface brightness distributions within the bright cusps could equally well be explained by both a freely expanding and a static atmosphere. This means that one must look to more direct means of determining the mass loss rates.
The most powerful means available is to directly measure the velocity of the flow of material off of the IF of individual proplyds. This approach presents particular observational challenges in obtaining and analyzing the data and demands good supporting theoretical work. The observational challenges are primarily ones of accurately subtracting the high velocity emission from any jets associated with the proplyds and the low velocity background emission from the Orion nebula. Supersonic flows from the proplyds were first detected by Meaburn (1988) in the [O III] 5007Å line, who then characterized them more fully with additional spectra (Meaburn et al. 1993 , Massey & Meaburn 1995 . These flows were studied in additional lines by Hu (1996) and the entire nebula was completely covered with Fabry-Perot spectra in [O III] and [S II] (O 'Dell, et al. 1997) . Sources with known jet flows are to be avoided when looking for the photoevaporative flows, but one does not always know beforehand that they are there. Fortunately the flows are sufficiently large to be separable. Accurate isolation of the proplyd spectrum from the signal that contains both the proplyd and nebular background emission is a greater challenge. Both emissions come from the fluoresence of Lyman continuum photons, with the closer proplyds seeing a higher flux of these photons than the nebular IF, but the proplyds are smaller than the typical seeing disk of a groundbased telescope, so that their signal is often a small fraction of the total signal. made a thorough analysis of the best proplyd spectra from the Massey & Meaburn (1995) data set and demonstrated that good isolation of velocity components near but not at the systemic velocity could be done. Even if good observational isolation of the spectrum of the proplyd can be obtained, its correct interpretation requires independent knowledge of as many of the proplyd parameters as possible (e. g., ionized density, IF radius, orientation), for which the best images must be employed. Once the spectra are in hand and these parameters determined, then one must have the predicted line profiles that would be expected for the static or freely expanding ionized atmospheres. It is these factors that have guided the formulation of the study reported in this paper.
OBSERVATIONS AND DATA REDUCTION
The exact determination of the mass loss rates of the proplyds has repercussions that go well beyond whether or not the TC circumstellar disks will survive. The standard paradigm for star formation is that the TC is more characteristic of where the bulk of stars form than less rich clusters such as those found in the Taurus cloud where high mass stars are not found. If the TC is characteristic and the circumstellar disks are rapidly destroyed, it seems unlikely that planet formation will be ubiquitous. It was, therefore, considered worth the time and effort to pursue the question of the proplyd mass loss rate with the most powerful groundbased telescope: the Keck I observatory at Mauna Kea, Hawaii. Fortunately, this opinion was shared by the persons allocating Keck time within the NASA "Origins Program" and the observations were carried out as part of a joint program with John Stauffer, who was studying low mass stars in the same region with the same instrumental configuration.
The observations were made with the Keck I telescope the nights (UT) of 5 and 6 December 1997 using the HIRES spectrograph and a 1024×2048 Tektronix CCD. The entrance slit was 0.862×14 ′′ , projecting onto the detector with a velocity resolution of 6.2±0.4 km s −1 and a scale of 0.382 ′′ /double-binned-pixel perpendicular to the dispersion. The HIRES spectrograph is a cross dispersed echelle spectrograph system used in a configuration such that when the 14 ′′ long slit is used, the ends of the highest orders employed (containing the [O III] 4959Å and the Hβ 4861Å lines) overlapped. Fortunately, the Tektronix CCD has a large linear range and the limiting signal imposed by the digitizing system (2 16 =65,536 counts) fell well beneath it. This large dynamic range allowed both strong and weak emission lines to be recorded at a single echelle setting. Wavelength calibration was provided from exposures of a Thorium+Argon standard lamp. Unfortunately, the Tektronix CCD had several pixel defects, whose impact was minimized by adjusting the echelle and cross dispersing grating orientations, but one such defect precluded using the images of the stronger [O III] 5007Å line, which was not a serious problem as the [O III] 4959Å line from the same upper state always provided an adequate signal.
The observing strategy was to select four proplyds which are located in relatively smooth portions of the Orion nebula, are free from adjacent bright stars, and represent a variety of sizes and morphologies. The objects observed were 170-337 (HST2), 177-431 (HST1), 182-413 (HST10), and 244-440. The coordinate based designation system of O' Dell & Wen (1994) will be used throughout this paper, the previous parenthetical designations being those of the serial listing in an earlier paper ).
1
The first three objects have sizes (measured as the distance between their bright cusp tips) of 0.4 ′′ , 0.6 ′′ , and 1.2 ′′ (O'Dell 1998), while 244-440 is significantly larger, having a similarly measured width of 3.5
′′ . Since the objects all show symmetry to a greater or lesser degree about lines pointed towards their ionizing star (θ 1 C Ori for the first three proplyds and θ 2 A Ori for 244-440), observations were made with position angles along and perpendicular to these lines. Small deviations in angle were made to avoid bright stars and an additional angle was added for 170-337 to lie along the known direction of a microjet and associated shock feature (O'Dell 1998 , Bally et al. 1998a ). The PA's used were 151, 231, and 353
• for 170-337, 135 and 225
• for 177-341, 62 and 152
• for 182-413, 52 and 142
• for 244-440. The slit PA was held fixed throughout the exposures of 300, 450, and 900 seconds by the Keck I image rotator, whose accuracy was checked using stars of known orientation. The astronomical seeing was typically 1.5
′′ and the transparency varied from clear to partly cloudy.
Producing easily usable spectra from the complex echelle spectrograms required a series of steps. A 512 pixel long segment centered on the emission line was sampled and the correct echelle order isolated. The spectra in these samples are tilted owing to the use of a cross dispersion. The tilt was removed by using modifications of tasks within IRAF 2 , the result being two dimensional spectra with the calibrated wavelength as the x-axis and the angular position along the slit as the y-axis. lines were sufficiently close that they were processed as a single sample. Radial velocities were calculated using the rest wavelengths employed by Esteban et al. (1998) , with the exceptions that a rest wavelength of 6300.31Å was used for [O I] according to the arguments of O'Dell & Wen (1992) and 5875.74 for He I 5676Å, which gives the same velocity as the [O III] lines which should arise from the same emitting layer. In those sections where adjacent spectral orders overlapped there was an enhanced signal due to the continuum of the contaminating order being added to the continuum of the order containing the emission line of interest. This small contamination was subtracted from the region of overlap by appropriate scaling. We made certain that there was no contamination of the subject emission lines by other emission lines in adjacent orders.
DATA ANALYSIS
The primary challenge in extracting proplyd spectra from groundbased telescope spectrograms is in the accurate subtraction of the nebular background. The peak surface brightness of the proplyds is higher than that of the nebula but at typical ground observatory angular resolutions the image is smeared and the observed surface brightness drops to a value comparable to or less than the background, so that one is extracting a smaller signal from a larger. This problem is compounded by the fact that the nebular background to be subtracted is not homogenous and shows significant variations on scales of several arcseconds. At the signal levels obtained in the present observations the uncertainty due to photon statistics was much smaller than the uncertainties encountered in the background subtraction. Although most of the nebular emission occurs in a small velocity range corresponding to emission from material accelerating away from the main IF, there is considerable information in the line profiles near the systemic velocities, so that accurate correction for the background needs to be made at all velocities. The best previous attempt at extracting proplyd spectra is that of , who obtained profiles of five objects, with only that of 158-323 (LV5) being good enough to make a detailed comparison with the expectations of the models. Even for 158-323 there was considerable uncertainty about the profile near the systemic velocity of the nebula. Moreover, that investigation treated only the [O III] 5007Å line and in only one spectrum for each object. Therefore, it was impossible to quantitatively assess the uncertainties of the extracted profiles. The present data set is much more complete since it looks at emission lines representing a broad range of ionization states and contains multiple spectra taken at a variety of PA's. The range of ionization states should be useful in the diagnosis of the proplyds and the wealth of spectra should allow determination of the errors that occur because of vagaries in extraction of the background.
Data is not available for all lines in all proplyds. The Hα line was saturated in all the long exposures except for 244-440. Some lines are intrinsically weaker and the background less well defined. There was an object-to-object variation in the contrast of the proplyd against the background due to the fact that the brightness of the nebular emission, mainly arising near the IF, varies with angular distance from the photoionizing star in a manner different from that of the proplyds, owing to the different geometrical factors involved. The data set used in the analysis is a subset of the total, our having rejected saturated and low contrast emission lines. Within this subset some portions of the spectra were not used because of the known presence from images of shock or jet features which would have rendered background subtraction more uncertain.
Subtraction of the nebular background
Line profiles of the proplyds were extracted in two quite different fashions, the two methods having their own specific advantages. The first method used larger background samples at slightly greater distances from the proplyd, but employed known surface brightnesses on HST images to scale to the position of the proplyd. The second method relied on a simple subtraction of the background using smaller and slightly closer samples, with the judgement about where the sample should be taken being based on the profile along the slit. Henceforth, these will be referenced as the "large-sample" and the "small-sample" methods. In both methods, the continuum emission (arising from free-free and free-bound processes in the ionized gas plus dust scattering of starlight) was removed from each sample before subtraction. Examples of the samples used in the two methods are shown in Figure 1 .
In the "large-sample" method of extraction the characteristic sample size for the proplyd was 3.8 ′′ with background samples of about 2.0 ′′ centered at distances of about 3.0 ′′ from the proplyd. The exact sizes and distances varied according to where the proplyd was located within the entrance slit on a particular spectrum. With the seeing disk size that applied during the observations, these sizes and distances allowed reasonable isolation of the smallest three proplyds, but did sometimes subtract part of the proplyd spectra, this problem being greatest for 244-440. Such partial subtraction should not alter the nature of the resultant profile, only reduce its total signal. Whenever possible, two background samples were taken, one to each side of the proplyd sample, as illustrated in Figure 1 . We designate as a single profile the result of subtracting the background based on either of the two background samples, which means that two subtracted profiles could result from a single spectrum. The amount of background signal subtracted was not simply the value in each region, rather, it was this value scaled according to relative surface brightnesses on HST images. We extracted samples of the HST images made in the vicinity of each proplyd in either the same line or a line of similar ionization (O'Dell & Wong 1996) and rotated these samples to have the same orientations as the slits employed. Regions accurately matching the background samples were then identified and measured. For comparison of these background surface brightnesses to that at the proplyd, we then identified and measured rectangular (long axis parallel to the slit) samples close to and on both sides of the proplyd image. The average of those two samples was then taken to be the surface brightness at the proplyd position. The ratio of this value to that of each background sample was then used to scale the background prior to subtraction from the nebula.
The attraction of this method of background subtraction is that it uses the best information in scaling the amount of background subtracted and allows the isolation of the maximum amount of proplyd spectrum. The primary disadvantage of the method is that neither the high, low, or proplyd background samples have been smeared according to the astronomical seeing that applied, which varied from 1 to 2 ′′ . The importance of this limitation is revealed in the scatter of profiles obtained using similar sample regions on different spectra.
In an effort to overcome some of the difficulties that arose in the "large-sample" method, a second attempt to extract the line profiles was made using smaller samples (0.4-1.2 ′′ ). The motivations for choosing small proplyd samples were, firstly, to maximize the ratio of proplyd to nebular emission in the sample, and, secondly, to minimize the contribution of emission from the proplyd tail to the sample. The motivations for choosing small background samples were, firstly, to ease the avoidance of "pathological" regions of the nebula (for example, the bowshock that lies in front of some of the proplyds), and, secondly, to allow the background samples to be as close as possible to the proplyd, thereby minimizing the distance over which the nebular profile need be interpolated. In order to help choose the positions of the samples, graphs were constructed of three parameters of the line profile (total intensity, mean velocity, and velocity width) as a function of position along the slit. An example plot is shown in Figure 1 . By means of these and the HST images, samples were chosen covering the peak of the proplyd emission, together with nearby background samples that avoided shocks and other "features" in the nebular background. In this "small-sample" method, no attempt was made to scale the nebular samples using the HST images before subtraction from the proplyd sample.
EXTRACTED PROPLYD LINE PROFILES
The proplyd emission line profiles that result from application of the two nebula subtraction methods of the previous section are shown in Figure 2 for the four proplyds 170-337, 177-341, 182-413, and 244-440. Prior to the averaging of the individual extracted profiles discussed in the previous section, these were shifted to a common heliocentric velocity scale and normalized using the wings of the profiles, as far as possible from the velocities showing substantial nebular emission. The resultant averaged extracted profiles are of varying quality. For the proplyds 177-341 and 244-440, the results are very good for all lines, with the two subtraction methods agreeing to within their mutual error bars. For 170-341 and for the high-ionization lines of 182-416, the results are generally poorer. In the case of 170-341, this is mainly because of the strongly fluctuating nature of the background nebular profile at that position, while, in the case of 182-416, it is due to the poor contrast between the proplyd and the nebula, especially in high-ionization lines such as
The "small-sample" method generally uses a larger number of background samples and often has smaller scatter than the "large-sample" technique. However, we caution that this does not necessarily imply that the results of this method are more reliable. Rather, we take the conservative view that the line profiles can only be fully trusted where the two methods are in agreement.
Extinction by dust in the proplyd
One unknown factor that may introduce systematic errors in the extracted profiles is the extinction of the background nebular emission by dust in the proplyd. If this were a significant effect it would result in the oversubtraction of the nebular line and could even cause the extracted profile to become negative. It can be seen that for some lines the extracted profile is indeed negative for certain velocity ranges (Fig. 2) . However, it is not clear if this is a real effect or merely due to errors in the estimation of the nebular emission at the proplyd position.
HST images of 182-413 show that the circumstellar disk in this object is completely opaque at visible wavelengths ). This disk is much smaller than the seeing disk in the current observations and will reduce the nebular emission at the proplyd position by at most 1% (in the extreme case in which there is no nebular emission from in front of the proplyd), which is much less than the uncertainty due to the spatial variation of the nebular emission.
A potentially more important effect, although one very difficult to quantify, is extinction by dust in the extended neutral envelope of the proplyd and in the ionized photoevaporated flow itself. Even a moderate optical depth here can have a significant effect if the area of the proplyd is comparable to, or greater than, that of the seeing disk, which is certainly the case for 182-413 and 244-440. Henney & Arthur (1998) find hydrogen column densities through the ionized photoevaporated flows in the range 10 20 -10 21 cm −2 , while the models of Störzer & Hollenbach (1999) predict column densities through the neutral photoevaporated flows of approximately 5×10 21 cm −2 . Hence, dust in the photodissociated flow inside of the IF will probably be the dominant factor in the extinction of background nebular emission.
If the dust-gas ratio of the grains responsible for the visual extinction is "normal" (corresponding to an extinction cross-section per H atom of 5 × 10 −22 cm −2 ), then the mean extinction optical depth through the proplyd will be about 4. However, the "effective" extinction will be less than this for three possible reasons. Firstly, apart from 244-440, all the proplyds are smaller than the seeing width (at least across their minor axis), so the extinction will be "diluted" by a factor roughly equal to the ratio of the projected area of the proplyd to the area of the seeing disk. In 177-341, for example, this amounts to about a factor of 3. Secondly, some of the nebula emission may arise in front of, rather than behind, the proplyd, and so will suffer no extinction due to dust in the proplyd. This is unlikely to be an issue for proplyds near θ 1 C Ori, where the majority of the nebular emission is confined to a thin layer near the principal IF (Baldwin et al. 1991; Wen & O'Dell 1995) , but may become important for the more distant proplyds . Thirdly, the nebula subtends a large solid angle as seen from the proplyds and so, for reasonable values of the dust albedo and scattering phase function, scattering into the line of sight will be important (Henney 1998) , possibly reducing the effective extinction by a factor of 2 or more. Furthermore, there exists the possibility that the grains responsible for producing the visual extinction will be selectively depleted in the proplyd photoevaporating flows. As noted by Hollenbach, Yorke & Johnstone (1999) , theories of dust settling and coagulation in disks (Weidenschilling 1984; Weidenschilling & Cuzzi 1993) imply that larger grains settle to the disk midplane more rapidly than smaller grains, where they will coagulate into larger bodies. Hence, it may be that the ∼ 0.1µm grains responsible for the visual opacity are depleted in the neutral flow from the circumstellar disk, whereas the ∼ 0.01µm grains responsible for the FUV opacity are not. Figure 3 shows examples of the effects on the subtracted line profiles of different degrees of extinction of the background nebula by dust in the proplyd. The thick lines show the line profile assuming that the proplyd is totally transparent (as in Fig. 2 ) while the thin lines show the effect of assuming an effective extinction, A V , in the range 0.1-1.0. It can be seen that the [N II] lines in the two proplyds shown are hardly affected by the assumed value of A V , whereas the [O III] lines are affected substantially. This is partly due to the difference in wavelength between the two lines ([O III] is bluer, and so suffers greater extinction for a given A V ), but mainly due to the fact that relative brightness of the proplyds compared to the nebula is greater in
The apparent minimum at the center of the [O III] lines is seen to disappear for A V ≥ 0.2, and so its real existence is doubtful. On the other hand, it seems that A V cannot be much greater than 0.5, since at this level of assumed extinction the nebular line starts to show through clearly in the extracted profile, implying that the background has been undersubtracted.
Studies of the spatial and velocity variations in the Hα/Hβ ratio (Henney & Watson 1999) are consistent with an effective extinction of A V =0.1-0.2 in the proplyds, although the exact amount is uncertain because of possible deviations from Case B emissivity. It remains to be seen whether or not such a low value can be reconciled with the expected column densities in the photodissociated flows without invoking selective depletion of the grains. Figure 4 shows the mean velocity and widths of all the extracted proplyd spectra (open symbols), together with the same quantities for the adjacent background nebula samples (filled symbols). The flux-weighted mean velocity of a line profile I(v) is given bȳ
Parameters of the extracted line profiles
For the line width, we use the quantity 2.355 σ, where σ is the flux-weighted RMS width of the line, given by
For a Gaussian line profile, 2.355 σ is equal to the FWHM of the line. However, the line profiles are often very nonGaussian, both for the proplyds and for the background nebula. In such cases, σ is a more robust estimate of the line width than the FWHM, especially when the line is double-peaked. The line widths have been corrected for the effects of thermal and instrumental broadening by quadrature subtraction of the widths of the respective profiles. The instrumental width is approximately 6 km s −1 and an ion kinetic temperature of 8900 K was assumed in all cases, corresponding to a thermal width of 20 km s −1 for the hydrogen lines. The lines are arranged in order of increasing ionization potential (IP), ranging from [O I] 6300Å, which is expected to come from neutral gas, to He I 5676Å and [O III] 4959Å, which should come from the most highly ionized gas in the H II region.
Trends in the lines from the background nebula
The mean velocities of the nebular lines show a clear trend of increasing blueshift with IP, as first reported by Kaler (1967) . This trend is commonly interpreted as being due to an ionization stratification in the nebula (more highly ionized species are found closer to the ionizing star), coupled with an acceleration of gas away from the ionization front (which is seen close to face-on).
3 Such a scenario (Zuckerman 1973) , in which the majority of optical line emission at small angular displacements (< 2 ′ ) comes from a thin layer close to the IF on the surface of the background molecular cloud, has been shown to be broadly consistent with a mass of observational material (e.g. Baldwin et al. 1991; O'Dell et al. 1993a; Wen & O'Dell 1995) . However, a detailed physical model is still lacking.
The thermal-corrected width of the nebular emission lines does not seem to vary significantly with IP, except for [O I] 6300Å, which is consistently narrower. However, the width does vary substantially from position to position, being much larger at the position of 244-440. It should be noted that the widths given here are for the line as a whole, rather than for individual Gaussian components, as have been used in some previous studies (Castanẽda 1988; O'Dell & Wen 1992; .
Trends in the lines from the proplyds
For three of the four proplyds, the mean velocities of the extracted lines follow the same general trend as the nebular lines, but with the pattern shifted 1-2 km s −1 to the blue (177-341 and 244-440) or to the red (170-337). There is also a tendency for the velocity gradient to be shallower for the proplyds than for the background nebula. For 182-413, on the other hand, the trend is in the opposite direction (lines from more highly ionized species are more redshifted). For all objects except 170-337 the proplyd [O I] 6300Å line is significantly blueshifted by 3-7 km s −1 with respect to the nebula. Possible explanations for this are outlined in section 8.2.3.
The thermal-corrected width of the extracted proplyd lines is perhaps the most interesting and important property plotted in Figure 4 . In marked contrast to the behaviour of the background nebular lines, the proplyd lines show a strong increase in width with increasing ionization potential. This can be very clearly seen in three of the objects, although it is less apparent in 182-413 because the data for the high ionization lines in this object are very poor due to low contrast against the nebula.
This correlation can be directly understood in terms of ionization stratification in an accelerating photoevaporating flow, in a similar way to the velocity-IP correlation for the nebular lines. There are two differences, however, between the flow from the proplyds and that from the principal IF of the nebula. First, the proplyd flows are much more divergent than the nebular flow, which leads to a more rapid acceleration, especially close to the IF (Henney & Arthur 1998). Second, the proplyds are small compared with the scale of the observations and their neutral portions are at least partially transparent, which means that the observed line profiles come from gas moving in a wide range of directions with respect to the line of sight, both approaching and receding. With the nebula, on the other hand, the line profile from a given point samples only a thin pencil beam through the emitting gas, all of which is probably moving in a similar direction. These are the two reasons why the proplyds show such a spectacular linewidth-IP correlation, while the background nebula does not.
PHOTOEVAPORATING FLOW MODELS
The photoevaporating flow models employed in this work are a development of those presented in Henney & Arthur (1998) , building on the previous work of Dyson (1968) and Bertoldi (1989) . Figure 5 shows the principal features of the model in schematic form. It is supposed that a strong D or D-critical ionization front (IF) surrounds the proplyd's neutral envelope (probably a slow photodissociated wind from the circumstellar accretion disk, Johnstone et al. 1998) and that the newly ionized gas flows freely away from the proplyd. The ionization front on the "front" side of the proplyd, which faces the ionizing star, is idealized to be hemispherical and the gas is assumed to flow radially. The ionized gas is assumed to be isothermal, in which case the radial profiles of density and velocity in the flow follow from Bernoulli's equation. It is found that pressure gradients in the ionized gas cause the flow to accelerate away from the IF, with the acceleration being greatest in the D-critical case (when the flow leaving the IF is exactly sonic). The variation of the density of ionized gas with angle around the IF is calculated assuming ionization equilibrium. The density is highest at the point on the IF closest to the ionizing star (sub-stellar point) and in the simplest case (no dust, no diffuse ionizing field, and few ionizing photons reaching the IF) falls off as cos 1/2 θ, where θ is the angle between a point on the IF surface and the sub-stellar point. Note that in this approximation the ionized density falls to zero at θ = 90
• . The main development of the models with respect to Henney & Arthur (1998) ionizing field and the proplyd tails. This work is only summarised here and will be described in greater detail elsewhere (Henney 1999) . The diffuse ionizing field in the Orion nebula arises mainly from the radiative recombination of hydrogen to its ground state, with minor contributions from helium recombination and scattering by dust particles. We characterize this diffuse field by the parameter β, which denotes the ratio of direct (stellar) to diffuse (nebular) ionizing flux at the proplyd position and we assume that the diffuse field is isotropic. In the case where diffuse ionizing photons are always reabsorbed close to their point of emission (on-the-spot approximation), one finds that β ≃ 0.15. However, the mean-free-path of ionizing photons can be very large in the interior of an H II region and simple calculations suggest that β should lie in the range 0.01-0.05 at the positions of typical proplyds.
4
The diffuse ionizing field results in a non-zero value for the density at θ = 90
• and also allows the ionization of the "back" part of the proplyd, which the front-facing ionization front shadows from direct stellar radiation. This gives rise to the proplyd tails, which in the current models are assumed to be cylindrical, with axis pointing directly away from the ionizing star. The ionized density is calculated as a function of position along the tail, again assuming ionization equilibrium, and simultaneously solving for the radiative transfer of the direct and diffuse ionizing photons. It is also assumed that the ionized flow from the tail follows cylindrical radial streamlines.
Simulated images and spectra of the models are produced by calculating the emissivity of various emission lines at each point in the ionized flow. Permitted lines are assumed to be due only to recombination and forbidden lines only to collisional excitation. Collisional deexcitation of forbidden lines is taken into account using the polynomial fitting formulae of Mellema (1993) . Extinction by dust in the proplyd itself is treated, but the scattering of emission lines into the line of sight (Henney 1998 ) is not included. The ionization structure of the photoevaporating flow is not calculated self-consistently. Instead, the position and thickness of the He ionization front are treated as free parameters of the model.
All models presented in the following sections were calculated using an ionized gas temperature of 8900 K (Liu et al. 1995) . It seems likely that the temperature will be slightly higher for positions close to the IF, both because of the hardening of the ionizing radiation field and because of the reduced cooling efficiency at higher densities. However, models calculated using such a temperature profile lead to qualitatively similar results to the isothermal models. Such models are not discussed further here because of the increase in the number of model parameters that they entail.
MODEL FITS TO HST IMAGERY
In order to restrict the range of models that we try to fit to the emission line spectra, we have used HST images of the proplyds to fix as many model parameters as possible. As an example, Figure 6 compares Wide Field Camera (WFC) images of 177-341 with simulated model images in three different emission lines. Hα images of the heads of the proplyds allow one to determine with reasonable certainty both the radius, r 0 , of the forward-facing IF and the peak density, n 0 , in the ionized photoevaporated flow. (Estimation of this density requires that the observed surface brightness be corrected for foreground extinction.) These parameters could be estimated for all four objects and are listed in Table 1 , together with the foreground extinction to each proplyd. One can also estimate the inclination angle, i, of the proplyd axis to the line of sight (Henney & Arthur 1998) , but this is rather uncertain and one cannot distinguish between a proplyd pointing towards or away from the observer. Additionally, estimation of i was impossible in 244-440 (because of the probable influence of two ionizing stars) and in 170-337 (because of the microjet).
The relative brightness in Hα of the proplyd tail with respect to the head allows one to determine the ratio of diffuse to direct ionizing flux, β, although this is somewhat dependent on the assumed value of i. Similarly, one can measure the quantity l 0 sin i, where l 0 is the length of the proplyd tail. Note that the model line profiles shown in the next section are insensitive to the assumed values of β and l 0 , especially the latter. This is because the emission from the brightness peak of the proplyd, where the contribution from the tail is small, has been isolated in the extracted proplyd line profiles. (Figure 6 ) that the models are very successful in reproducing the HST images in the three lines, especially the head of the proplyd. Although the reduced χ 2 of the fits is typically in the range 5-20, this is mainly because of the small but significant deviations from cylindrical symmetry of the proplyd, which obviously cannot be captured in the current models. The quality of the fit near the tips of the cusp is much improved with respect to the models presented in Henney & Arthur (1998) , which did not include the effect of the diffuse ionizing radiation. Although the fits to the tail well reproduce the intensity profile along the proplyd axis (top panels of Figure 6 For the other three proplyds, although the model fits to the heads of the proplyds are satisfactory in all cases, the fits to the tails are much less convincing than in the case of 177-341. This is mainly because the assumption of a cylindrical tail is an even poorer approximation for these objects, which all show tails that are more conical in form. Additionally, 182-413 and 244-440 both show substantial deviations from cylindrical symmetry with respect to the direction of the ionizing star. In the case of 244-440, h For 177-341, these parameters are determined from the detailed model fits to the emission line profiles (Section 7). For the other objects, they are estimated from the behaviour of the mean velocity and velocity width (Fig. 4) . i Derived mass loss rate.
this is probably because the proplyd is influenced both by θ 1 C Ori and θ 2 A Ori. The same may be true of 182-413, although in this object it is only the tail which shows the asymmetry. Alternatively, the tail in this object may be influenced by the orientation of the circumstellar disk, either via an anisotropic flow from the disk or via magnetic field lines (Bertoldi & Johnstone 1998) . As a result, the parameter β can only be reliably determined for 177-341. However, the deficiencies of the photoevaporating flow models in explaining the tails of these objects should not greatly affect the predicted line profiles for the reasons advanced earlier in this section. The position and thickness of the He ionization front could only be determined for 177-341 and 244-440 since in 182-413 the [O III] shell is too irregular to reliably determine its radius of curvature, while in 170-337 the presence of a microjet complicates the interpretation of the images.
Validation of densities derived from model fits
To obtain the peak densities, n 0 , listed in Table 1 , the extinction-corrected Hα intensities are converted into emission measures assuming that the Hα emission coefficient is known. The ionized density at the IF on the proplyd axis is then found using the density profile predicted by the photoevaporating flow model. Although this approach seems to be robust, it is worthwhile to try and validate the densities so obtained by an independent method.
Unfortunately, the ionized densities in the proplyd flows are so large (10 5 -10 6 cm −3 ) that the [S II] 6716Å/6731Å doublet ratio, which is traditionally used as a density diagnostic in ionized regions, will be in the high-density limit. Hence, it is necessary to find a diagnostic pair of lines with a higher critical density. Just such a pair exist in the ion C ++ : the magnetic quadrupole transition [C III] 1907Å and the "semi-forbidden" electric dipole transition (Osterbrock 1989, p. 136) . Although these lines were observed in two proplyds with the Faint Object Spectrograph (FOS) of the HST (Bally et al. 1998a ), the FOS spectral resolution (R = 1300) is not sufficient to fully resolve the doublet. We are therefore grateful to Robert Rubin for allowing us access to unpublished FUV longslit spectra of the Orion nebula obtained with the Space Telescope Imaging Spectrograph (STIS), which include emission from the proplyd 159-350 (HST 3).
After subtracting the nebular contribution to the emission, we determine a value of 0.4 for the ratio [C III] 1907Å/C III] 1909Å, which corresponds to an electron density of 1.01 ± 0.05 × 10 5 cm −3 for temperatures in the range 8000-10000 K. Henney & Arthur (1998) determined a peak density of n 0 = 6.5×10 5 cm −3 for the same proplyd. However, in order to meaningfully compare these values, two factors must be taken into account: first, that C ++ will only be present in the regions of the flow where helium is ionized, and, second, that the STIS observations sample an extended region of the proplyd containing a range of ionized densities. Both these effects should tend to make the observed C ++ density less than n 0 . In order to quantitatively assess these effects, we employed model fits to the HST PC images of 159-350 in Hα and [O III] 4959Å in order to determine the radius of the C ++ /C + transition in terms of the IF radius, r 0 (assuming that the ionization of carbon follows that of oxygen). Unfortunately, the analysis is complicated by the fact that 159-350 is a binary system (projected separation 0.5 ′′ ) in which both components are proplyds. The smaller and fainter of the two proplyds, which lies between the larger proplyd and θ 1 C Ori, seems to shadow part of the IF of the larger and brighter one, leading to a marked asymmetry in the appearance of the latter, especially in [O III]. As a result, we can only constrain the radius of the C ++ /C + transition to lie in the range 1.2-1.4r 0 . Using these values, we than calculate from our models the emissivity-weighted mean density in the C ++ zone in an aperture corresponding to the STIS observations. For a peak density of n 0 = 6.5 × 10 5 cm −3 , this density turns out to be 0.9-1.1 × 10 5 cm −3 , in excellent agreement with the observed value given above.
The concordance we find in this object between the densities derived from our model fits and those obtained from the C ++ doublet give us confidence that the model-derived densities are indeed accurate.
MODEL FITS TO THE PROPLYD LINE PROFILES
Although the methods discussed in the previous section allow one to fix many of the model parameters by comparison with HST images of the proplyds, there are some parameters which are not very well constrained in this way. Of these, the inclination, i, and the initial Mach number, M 0 , of the photoevaporating flow are the parameters that have most effect on the predicted model line profiles. Hence, by comparison of model predictions with the observed line profiles one can both check the validity of the photoevaporating flow model and try to determine these two parameters. In this section, we concentrate on the proplyd 177-341, both because the data quality of the observed line profiles are highest in this object and because the HST images show a high degree of consistency with the simple photoevaporating flow models employed. The data quality is also high for 244-440, but in this case the interpretation is complicated by the probable influence of two ionizing stars. This object, which is also the only object to be clearly resolved spatially at ground-based resolutions, will be discussed further in a subsequent paper. For the remaining two proplyds, 170-337 and 182-413, the quality of the extracted spectra is too low to meaningfully derive parameters from the model fits. Figure 7 shows the results of fitting such models to the observed line profiles. The fitting procedure is to perform a χ 2 minimization of the model spectrum for various values of i and M 0 , in order to determine the best-fit values of the profile normalization and velocity zero point (corresponding to the heliocentric velocity of the proplyd central star). At each step, the model is convolved with the instrumental profile and seeing before extracting a spectrum from an aperture identical to that used in the observations. Results are shown in the figure for models with M 0 = 1. For each emission line, the figure shows the fit for the value of i that gives the lowest value of χ 2 , plus the highest and lowest values of i that give an acceptable fit (taken as χ 2 /ν < 3, where ν is the number of degrees of freedom). Also shown in the figure is the best-fit static model, in which the line broadening is due solely to the thermal Doppler effect (together with fine-structure splitting in the case of He I 5676Å).
It can be seen that the models fit quite well and that the inclination of this object is well constrained to lie in the range i = 75-85
• , consistently between the different emission lines. The derived velocity zero point (≃ 22 km s −1 ) is also similar for all the lines and is consistent with the centroid velocity of the [O I] 6300Å emission. The static model completely fails to fit the observed line profiles. Similarly acceptable fits are found for all M 0 < 1.2.
The mass loss rate of the photoevaporating flow in the best-fit model is 9.4 × 10 −7 M ⊙ yr −1 , with the contributions of the flows from the head and the tail being roughly equal. This derived mass loss rate is directly proportional to u 0 n 0 r 2 0 , where u 0 = 13M 0 km s −1 is the initial velocity of the photoevaporating flow, n 0 is its peak density, and r 0 is the radius of the ionization front (Table 1) , each of which are known to an accuracy of 10-20% (Henney & Arthur 1998) . Additionally, the parameters of the proplyd tail, which provides half the mass loss, are less well constrained by the fits than those of the head. As a result, we estimate that the uncertainty in the derived mass loss rate is of order 50%.
DISCUSSION
In this section, we critically discuss the mass loss rates determined by us and by previous authors, together with the observational measurements of the disk masses and the implications of these for the length of time that the proplyds have been exposed to ionizing radiation.
Derived mass loss rates
We have performed high spectral resolution spectroscopy of four proplyds in several different emission lines. We have shown that the proplyd line width increases with ionization potential, which is consistent with the idea that the ionized gas in the proplyds comprises an accelerating ionization-stratified flow. Detailed model fitting to 177-341, which is the proplyd with the highest quality data, shows that the ionization front in this object is approximately D-critical and gives a mass loss rate in the evaporated flow of 9 ± 4 × 10 −7 M ⊙ yr −1 . Static models were found to be completely unable to fit the observations The other proplyds all show similar linewidths to 177-341 (Figure 4) , implying that the flow speeds in these objects are also similar, even in the absence of detailed model fits to the line profiles. That being the case, one can use the parameters deduced from model fits to the HST images (Section 6) to calculate the mass loss rates of these objects by scaling the value for 177-341. The resultant rates areṀ = 8 × 10 −7 , 7 × 10 −7 , and 1.5 × 10
for 170-337, 182-413, 244-440, respectively. 5 Assuming that the flow speeds are the same in all proplyds, not just those observed in the present study, then one can calculateṀ for all proplyds that have well-determined values of r 0 and n 0 . Taking the sample from Henney & Arthur (1998) , which comprises 29 proplyds within 30 arcsec of θ 1 C Ori, one then finds the distribution of mass loss rates shown in Figure 8 . It can be seen that the four proplyds in the current sample have higher than average mass loss rates and indeed the mean value for the combined samples is onlyṀ = 4.1 × 10 −7 M ⊙ yr −1 .
Comparison with previous mass loss determinations
The mass loss rates that we derive can be compared with previous estimates, starting with those of Churchwell et al. (1987) . These authors used a method similar to ours, except that they used interferometric images of the 2 cm radio free-free emission in order to estimate the emission measure of the ionized gas. Furthermore, they had to assume that the gas was expanding at the sound speed (an assumption that is confirmed by the present work) and they employed a simplified, spherically symmetric model of the ionized photoevaporating flow. They found mass loss rates between 2 × 10 −7 and 10 −6 M ⊙ yr −1
for 6 of the proplyds closest to θ 1 C Ori. These estimates agree closely with our own derived mass loss rates from the same objects, which is not surprising given the similarity in methodologies.
An independent way of estimating the proplyd mass loss rates was first employed by Johnstone et al. (1998) and subsequently refined by Störzer & Hollenbach (1999) . This method supposes that the mass loss is controlled by the FUV photons incident on the circumstellar disk, which heat the disk surface and drive a photodissociated neutral photoevaporating flow. This flow will autoregulate so that the FUV flux that penetrates to the base of the flow is just sufficient to heat the gas at the disk surface to a temperature such that its sound speed exceeds the local escape velocity. The mass loss rate is then directly proportional to the disk radius multiplied by the velocity multiplied by the column density of the neutral flow. Störzer & Hollenbach (1999) calculate this column density using both equilibrium and non-equilibrium PDR codes and find only a shallow dependence on the distance of the proplyd from θ 1 C Ori. They then use this result to determine the mass loss rates for a sample of 10 proplyds for which the disk radius has been estimated or measured. Two of the 4 objects in our spectroscopic sample (182-413 and 171-340) are also modelled by them and for these objects they determine mass loss rates that are slightly less than half the rate determined by us. However, Störzer & Hollenbach only consider the mass loss from the directly illuminated face of the disk, whereas the diffuse nebular FUV radiation should also cause mass loss from the back face of the disk. In fact, as pointed out by Johnstone et al. (1998) , since the mass loss rate is only a weak function of the FUV flux, the mass loss from the back face should be nearly as large as that from the front.
6 Hence, taking into account the flow from both faces would bring Störzer & Hollenbach's mass loss rates into reasonable agreement with our own, especially considering that the velocity of the neutral flow is not very well constrained in their models. O'Dell (1998) suggested that a confining force acted on the proplyd "atmospheres", resulting in very low mass loss rates. However, our spectroscopic results conclusively rule out this possibility. Although only one of our proplyds was suitable for fitting to detailed models, all of them showed excess line broadening. If this broadening is due to free expansion, as seems likely, then this means that all of the objects studied are undergoing significant mass loss. The exponential decay in the density of the proplyd atmospheres found by O'Dell (1998) can equally well be explained by the freely expanding models we have calculated here and the large line widths are a direct indication that the static model does not apply. This means that it is not necessary to seek the operation of a confining force (O'Dell 1998), which is just as well, for we now understand that the only force sufficiently strong to confine the atmospheres (Lyα radiation pressure) was incorrectly derived, with the magnitude estimated by O'Dell (1998) being, at best, an upper limit (Henney & Arthur 1998) . Therefore, one must look to other novel methods for explaining the existence of circumstellar envelopes in such an intense photoionizing radiation field.
The one caveat to our conclusion arises from our assumption that the mechanism producing the non-thermal, non-Kolmogorov line broadening in the main body of the nebula is not operating in the ionized atmosphere of the proplyds. This line broadening is about 10 km s −1 (O'Dell 1994 (O'Dell , 1999 and is common to all lines and ions. One explanation of the extra broadening is that of Ferland (1999) who proposes that it is due to Alfvén waves, a mechanism thought to explain the non-thermal line broadening in molecular clouds. The ad hoc addition of such an additional broadening of the lines would possibly reduce the mass loss rates necessary to explain the observed broad profiles of the proplyd spectra; but, without understanding the process in the nebula, we cannot introduce it into our proplyd models. If the Alfvén wave broadening in 177-341 were the same as that proposed in the main body of the nebula, then the derived mass loss rate would hardly be reduced. Invoking larger values for any Alfvén wave component seems without justification without understanding the physics of this process. Besides, an extra broadening component of even 10 km s −1 would pose problems for the model fits to the [N II] 6583Å line, whose width is currently well reproduced by the broadening due to the expansion of the ionized gas alone. It is possible that the extra broadening seen in the nebula is due to the kinematics of the gas, rather than to Alfvén waves (e.g. Yorke, Tenorio-Tagle & Bodenheimer 1984) , although it must be conceded that such a "kinematic" broadening mechanism seems incapable of explaining the observed width of the [O I] line.
Implications for proplyd evaporation times
Now that we have reliable estimates for the proplyd mass loss rates, we are in a position to calculate their evaporation times if we can only estimate the mass of the circumstellar disks contained within them. Discounting the mass of the star itself, the disks should dominate the mass of the proplyd. The calculated masses of the combined neutral and ionized envelopes are only of order 10 −5 M ⊙ , which would imply evaporation times, t e ≡ M/Ṁ , as short as 10-100 years unless a substantial reservoir of gas in the form of an accretion disk were present. We now know from both observations and theory that most of the mass resides in an inner disk, which means that the depletion of that mass will determine the survival of the proplyds. In this section we summarise the arguments leading to estimates of the disk masses and discuss the problem of their predicted short lifetimes, which conflict with their ubiquity. Johnstone et al. (1998) show that for a disk whose surface density follows a power law in radius, then t e calculated using the current values of the disk mass and mass loss rate should be proportional to the length of time since the disk was first exposed to FUV/EUV radiation, the constant of proportionality being unity if the mass loss is controlled by the FUV radiation and if the surface density follows the standard r −3/2 law (Adams, Shu & Lada 1988) . According to this picture the disks started with much larger sizes, masses and mass loss rates than they have today and have shrunk to their current size due to photoevaporation, with the disk mass declining in time as t −1 and the disk radius and mass loss rate declining as t −2 . Projecting a proplyd's evolution into the future, t e is hence the time it will take for the disk to lose half its current mass and shrink in radius by a factor of 4. If the disk radius was initially truncated by some other process (Hollenbach et al. 2000) before it was exposed to UV radiation, then t e would only be an upper limit to the exposure time.
Disk masses
The masses of the circumstellar disks associated with the Orion proplyds have been estimated by two different methods. The first involves measuring the extinction by the silhouette disks of the background nebular emission and gives only lower limits on the disk mass (O'Dell & Wen 1994; McCaughrean & O'Dell 1996; McCaughrean et al. 1998; Throop et al. 1998) . Assuming "standard" dust properties, the values found are typically 10 −6 -10 −4 M ⊙ . Throop et al. (1998) , on the other hand, suggest that substantial dust coagulation has ocurred in the disks, resulting in grains larger than 10µm, which would imply that these lower limits should be revised upward by several orders of magnitude. However, this result is based on a claimed wavelength independence of the size of the silhouette disks, which seems inconsistent with the finding of McCaughrean et al. (1998) that the silhouette of the giant disk 114-426 appears 20% smaller in Paα (1.87µm) than in Hα (0.66µm).
The second method is to search for mm-wavelength thermal emission from dust in the disks. The first attempt to do this was by Mundy et al. (1995) , who observed a 45 ′′ radius region of the central Trapezium Cluster at 3.5 mm with an angular resolution of approximately 1 ′′ . Although they detected emission from several proplyds (notably, 167-317, 158-323, 168-326 and 159-350) , in no case was the 3.5 mm flux larger than the 2 cm flux measured by Felli et al. (1993) . This implies that the 3.5 mm emission is dominated by free-free radiation in the ionized gas or nonthermal processes, rather than by the thermal emission of dust in the accretion disk. Hence, only upper limits on the disk masses could be determined. These were < 0.15M ⊙ for individual sources and < 0.03M ⊙ for the average mass of all disks in their surveyed region. Subsequently, Lada et al. (1996) , using higher sensitivity observations at 1.3 mm, reported the detection of thermal dust emision from 3 proplyds (roughly one quarter of those present in their fields) with deduced disk masses lying between 0.007 and 0.016M ⊙ . More recently Bally et al.(1998b) has detected thermal emission, also at 1.3 mm, from the giant silhouette disk 114-426, which implies a mass for this object of 0.02M ⊙ , together with an upper limit for the disk mass of 182-413 (one of our spectroscopic sample) of < 0.015M ⊙ .
These authors also derive independent upper limits to the disk masses in these two systems from the lack of observed 13 CO emission, but these latter estimates depend critically on the CO abundance in the disks, which is very uncertain .
In summary, if the results of the mm continuum studies are taken at face value, then the disk masses range from 0.02M ⊙ in the largest silhouette disk (disk radius ≃ 1 ′′ ) through ≃ 0.01M ⊙ for the largest of the bright proplyds (disk radii ≃ 0.1 ′′ ) down to upper limits of < 0.005M ⊙ for the majority of proplyds (disk radii < 0.05 ′′ -0.1 ′′ ). These can be compared with the masses measured by the same technique for disks around classical T Tauri stars of similar ages to those in the Trapezium cluster, but located in isolated star forming regions such as Taurus, Ophiuchus and Lupus, which are in the range 10 −4 -10 −1 M ⊙ (Osterloh & Beckwith 1995; Dutrey et al. 1996; Nürnberger et al. 1997a,b) . Taking that subsample of the disks observed by Osterloh & Beckwith (1995) whose central stars have estimated ages between 10 5 and 10 6 years (N = 18), one finds a mean mass of 0.017M ⊙ , although Hartmann et al. (1998) suggest that the Osterloh & Beckwith masses may be underestimated by a factor of 2.5.
Hence, there is no obvious conflict between the low masses found for the disks around the stars in the dense Trapezium Cluster and those found in more quiescent regions of low-mass star formation: the largest disks in Orion have a mass typical of those around T Tauri stars, whereas the disks inside the bright proplyds have lower masses because of the photoevaporation-induced mass loss. However, the masses derived for the disks in Orion are extremely uncertain because of their sensitivity to the disk temperature and the mm-wavelength opacity of the dust. Many isolated T Tauri disks have well-measured spectral energy distributions from infrared to mm wavelengths, allowing reasonable confidence in the fitting of multiparameter disk models. For the Orion disks, on the other hand, the disk masses are estimated from measurements at a single wavelength and are hence much less reliable. More importantly, the magnitude and wavelength dependence of the dust opacity is very poorly known, as is the dust-gas ratio in the disks (Beckwith 1999) . In addition, the mass estimates assume that the disks are optically thin, whereas at 1.3 mm the disks should become optically thick for radii within ≃ 10AU of the central star (Hartmann et al. 1998) , which is comparable to the outer radii of the smaller proplyd disks.
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If the disk masses derived from mm continuum observations are correct, then the evaporation times would be t e ≃ 10 4 years for the larger proplyds (M ≃ 0.01M ⊙ , M ≃ 10 −6 M ⊙ yr −1 ) and t e ≤ 2.5 × 10 4 years for the smaller ones (M ≤ 0.005M ⊙ ,Ṁ ≃ 2 × 10 −7 M ⊙ yr −1 ). However, as a result of the uncertainties discussed in the previous paragraph, the quoted disk masses and hence the estimated evaporation times can probably not be trusted to better than an order of magnitude.
The age of the Orion nebula
The ages of the low-to intermediate-mass stars in the Orion Nebula Cluster range from roughly 10 4 -10 7 years, as determined by fitting evolutionary tracks to the observed color-luminosity diagram (Hillenbrand 1997) . Taking that subsample (N = 58) of the stars in Hillenbrand (1997) that both have measured ages and are listed as proplyds in O' Dell & Wong (1996) , one finds that the mean and standard deviation of the logarithm of the stellar ages is log(t) = 5.45±0.95.
8 The ages of the high-mass stars, such as θ 1 C Ori, are much harder to determine observationally but, in the absence of evidence to the contrary, are likely to lie in the same range.
The derived photoevaporation times are thus small compared with the stellar ages, even taking into account possible errors in the disk mass estimates. Hence, one must look for other mechanisms that may have saved the proplyd disks from exposure to UV radiation until relatively recently. One possibility, independently suggested by Bally et al. (1998b) and Henney & Arthur (1998) , is that the ionized zone around θ 1 C Ori was maintained in an ultracompact stage (e.g. Kurtz, et al. 2000 and references therein) for much of the lifetime of the ionizing star and has only recently undergone an "inflationary phase", in which it expanded to its current size. The problem with this argument is that the Orion nebula has a diameter of approximately 3 parsecs (10 19 cm), as revealed by longexposure optical photographs. Hence, if it were to have been much smaller 10 4 years ago, its expansion velocity must be of order 150 km s −1 . This is more than ten times the sound speed in the ionized gas and seems implausibly high, even for an H II region in the champagne phase (e.g. Yorke 1986 ). Numerical hydrodynamic simulations (Yorke et al. 1984; García-Segura & Franco 1996) show that the ionized gas can only reach velocities of order 40 km s −1 , or 80 km s −1 if one includes the effect of the stellar wind from the ionizing star (Comerón 1997) . On the other hand, the expansion of the IF need not necessarily involve physical movement of the gas: if the motion of θ 1 C Ori had recently caused it to emerge from the background molecular cloud, then an R-type IF may have rapidly propagated out to the observed size of the nebula. However, the shell-like appearance of the outer boundary of the nebula would argue against this idea. Besides, in order for θ 1 C Ori to have travelled the ≃ 3-6 × 10 17 cm from the background cloud to its present position (Baldwin et al.1991; Wen & O'Dell 1995) in the last 10 4 years, its velocity must be of order 10-20 km s −1 , which is much higher than the velocity dispersion of the stars in the cluster.
9 The fact that the principal emitting layer in the core of the nebula has an effective thickness less than the distance of θ 1 C Ori from the IF (Wen & O'Dell 1995) is also more consistent with a highly evolved champagne region than one in which the "blowout" occurred recently (G. García-Segura, priv. comm.) . It is possible, however, that other, less massive stars in the region are partly responsible for ionizing the nebula on large scales (e.g. ι Ori, O'Dell et al. 1993a ) and these may be at a sufficient distance from the proplyds that they have induced little disk evaporation themselves.
A further argument against the recent expansion of the H II region is the statistical unlikelihood of catching θ 1 C Ori during such a short-lived phase of its evolution. This statistical argument also weighs against the related proposal (Bally et al. 1998b ) that θ 1 C Ori has only recently reached the main sequence and begun emitting ionizing photons. A similar argument would seem to rule out the suggestion (S. Lizano, priv. comm.) that massive circumstellar envelopes have protected the disks from evaporation until recently, given that none of the bright proplyds show any surviving trace of such an envelope. Since the stars move inside the potential well of the cluster, it may be that the stellar motions themselves are the limiting factor in determining the exposure time to evaporation of the proplyd disks. Jones & Walker (1988) calculated the proper motions of hundreds of ONC stars and found a one-dimensional velocity dispersion of ∼ 2.5 km s −1 , which hardly varies with radius in the cluster. Such an "isothermal" behaviour of the velocity dispersion is consistent with the derived stellar density distribution (Henney & Arthur 1998) , which is close to r −2 outside of a core radius of 10-15 ′′ around θ 1 C Ori, which lies very close to the center of the cluster. Additionally, Jones & Walker show that the stellar velocities are closely isotropic in all but the outermost regions of the ONC, which means that the above velocity dispersion should also be a typical velocity along the radius joining the star to the cluster center.
The effect of stellar motions on the proplyd exposure time was first explored in detail by Störzer & Hollenbach (1999) who noted that beyond a critical distance, r cr , from θ 1 C Ori, the FUV flux is too weak to heat the disk surface sufficiently for it to escape from the gravitational potential of the central star (Johnstone et al. 1998 ). In such a case, the disk evaporation is controlled by the ionizing EUV flux and the mass loss rate falls with distance as r −1 . Störzer & Hollenbach argue that a proplyd on an eccentric orbit that moves from larger to smaller radii in the cluster is likely to have an evaporation time, t e , roughly equal to its dynamic time, t d ≡ r/u, during most of its evolution outside of r cr . Inside r cr the mass loss is controlled by the FUV flux and is hence only weakly dependent on distance. They claim that this leads to a "freezing" of the proplyd for r < r cr since t d becomes smaller than t e , resulting in the proplyd disk mantaining a roughly constant size during its crossing of the cluster core. They calculate a value r cr ≃ 0.2 parsec in Orion (implying a duration of ≃ 8 × 10 4 years for the passage from r cr to the cluster center) and proceed to estimate the disk masses for a sample of 10 proplyds for which they have determined model mass loss rates (see Section 8.1.1 above), obtaining values in the range 0.002-0.01M ⊙ . Such a procedure is the converse of the approach adopted here, in which we proceed from the mass loss rates and the mm-continuum disk masses in order to estimate the exposure time to ionizing radiation.
The disk masses obtained by Störzer & Hollenbach (1999) for their sample seem to be consistent with the estimates from mm-continuum observations (Section 8.2.1). However, there are two problems with their analysis, which may result in their mass loss rate being underestimated by a factor of about 8. Firstly, rather than use the current mass loss rate in their calculations, they use the mass loss rate that the proplyd would have when placed at a distance r cr , but using the current value for the disk radius. This ignores the fact that most of the proplyds in their sample are at r ≪ r cr so that, even though t e > t d inside of r cr , these proplyds will have lost half their mass and shrunk in radius by a factor of 4 since they were at r cr . Secondly, their mass loss rates are generally smaller than the rates that we determine for the same proplyds by a factor of at least 2. As discussed in Section 8.1.1, this is probably mainly due to their neglect of the flow from the back side of the disk. Taking these two factors into account results in disk masses that are now in conflict with those estimated from mm-continuum observations. This is consistent with the fact that the ≃ 8 × 10 4 year crossing time for the cluster core is large compared to the ≃ 2 × 10 4 year disk evaporation time calculated in Section 8.2.1.
It is notable that for all proplyds in our spectroscopic sample except 170-337 the proplyd [O I] 6300Å line is significantly blueshifted by 3-7 km s −1 with respect to the nebula (Figure 4) . The nebular [O I] 6300Å emission (Wen & O'Dell 1992 ) is believed to originate from the PDR behind the IF on the surface of the background molecular cloud OMC-1 and is typically blueshifted by 1-2 km s −1 with respect to the CO emission (Sugitani et al. 1986; O'Dell et al. 1993a) . If the [O I] emission from the proplyds traces the velocity of the enclosed low-mass star, then this implies that 3 of the 4 proplyd stars in our sample are moving away from the molecular cloud at 5-9 km s −1 . These velocities are rather large compared with the velocity dispersion implied by proper motion studies (see above). Reanalysis of published proper motion data (Jones & Walker 1988) for a sample of proplyds (N = 21) and a sample of non-proplyd stars (N = 35) lying within the core of the nebula shows no significant difference between the velocity dispersion of the two samples (2.8±0.5 km s −1 for the proplyds; 2.7 ± 0.3 km s −1 for the non-proplyds). Although many proplyds do have quoted proper motions larger than this, they also have large estimated uncertainties in the proper motion (following Jones & Walker, only stars with uncertainties < 0.1 ′′ /century are included in our two samples). It seems likely then that 3 of our 4 proplyds are very atypical in their high velocities away from the background molecular cloud. This need not be surprising since these 3 objects are among the largest proplyds and hence may have only recently been exposed to ionizing radiation. One would therefore expect these proplyds to either lie close to the background IF or to have high blue-shifted velocities (away from the molecular cloud), or both.
Such an interpretation of the [O I] velocity shift in terms of the stellar motion depends on there being no systematic asymmetry in the line profile due to the kinematics of the neutral outflow. Such an asymmetry could arise, for instance, if the [O I] emission came predominantly from the base of the neutral flow. In this case, the receding portion of the flow would be occulted by the opaque disk, leading to a systematic blueshift in the line with respect to the stellar velocity. However, the observations of show that the majority of the [O I] 6300Å emission comes from the IF and that region of the PDR just behind it, rather than from material near the disk. In this case, the upper limits established in sections 4.1 and 7 on the optical depth through the neutral envelope imply that the extinction-induced asymmetry in the line should be small, which is consistent with the appearance of the [O I] 6300Å line. Although this line does show a slightly enhanced blue wing, the difference between the mean velocity and the peak velocity of the line is in all cases less than 2 km s −1 . If the peak [O I] velocity were a truer tracer of the stellar velocity than the mean [O I] velocity, then this would reduce the blueshifts of the stars with respect to the molecular cloud to an average of 5 km s −1 for the 3 high-velocity proplyds, leading to an exposure time of approximately 6000(z/10 17 cm) years, where z is the current distance of the proplyd from the background IF. This could be reconciled with the exposure time estimated in Section 8.2.1 if z ≤ 2×10 17 cm, which would place all 3 proplyds behind θ 1 C Ori, which lies at z ≃ 3-6×10 17 cm. The inclination angle of 75
• determined for 177-341 (Section 7) is consistent with this if the distance between θ 1 C Ori and the background IF is at the low end of the estimated range.
Is there still a "lifetime problem"?
The previous two sections indicate that none of the mechanisms that have been proposed to reduce the time for which the proplyds have been exposed to ionizing radiation are capable of producing exposure times as short as the one or two times 10 4 years that are demanded by our measured mass loss rates, coupled with the masses determined from mm-continuum observations. Hence the "lifetime problem" has not gone away, and the undeniable existence of the proplyds leaves one in the situation of having to reject either the mass loss rates or the measured masses. The numerical factors involved are not large: a reduction of one or the other by a factor of 5 would be sufficient to render plausible either the "young H II region" or the "moving stars" hypothesis. We maintain, however, that the uncertainty in our mass loss determinations are much less than this, depending as they do only on the size of the IF and the density and velocity of the ionized gas, which have all now been directly measured.
For well-resolved proplyds, the only significant error in the IF size is due to the assumed distance to the nebula. Since we adopt a value of 430 pc, which is at the low end of published estimates, any error here is only likely to be in the direction of our having underestimated the mass loss rate. We have determined the ionized density in two different ways. The principal method is to determine the emission measure of the proplyd cusp from the Hα surface brightness, after correcting for foreground extinction. This has uncertainties of order 20% due to the effects of geometry and the possibility of extinction local to the ionized flow (Henney & Arthur 1998) . However, since we employed the dust-free value in our calculations, we are again more likely to have underestimated rather than overestimated the mass loss rate. Furthermore, the density so-determined is consistent with an independent determination from the C ++ doublet ratio in 159-350 (Section 6.1). The velocity of the ionized flow just outside the IF is constrained to be 13-16 km s −1 from our spectro-scopic measurements (Sections 4 and 7) . Again, we use the lower value when calculating the mass loss rates. Although the outflow velocity has only been measured directly in four objects, which are atypically large, there is no reason to expect that this velocity will be any different in the smaller proplyds. It is possible that we have overestimated the mass loss rate through the proplyd tails, since the observed tails show a tapering, which is not present in the models and may result in the area of the IF in the tail being less than we have supposed. However, since the tails only amount for about half the proplyd mass loss, reducing the tail area by even a factor of 2 would only diminish the total mass loss rate by 25%. In summary, the uncertainty in our mass loss rate determinations for individual proplyds is probably less than 50% and the rates are more likely to be underestimated than overestimated. There is no apparent potential source of error that could have led to our systematically overestimating the mass loss rates by a significant amount. We conclude, therefore, that any error must lie in the disk mass estimates. Indeed, even disregarding uncertainties in the disk temperature and the importance of optical depth effects (see Section 8.2.1), these estimates are completely dependent on the assumed value of the dust opacity at mm wavelengths. This opacity could quite easily be a factor of 5 smaller than the canonical value of 0.02 cm 2 g −1 (Beckwith 1999), either because of a reduced dust-gas ratio or because of the dust optical properties differing from those supposed.
Future work
Clearly, there are many unanswered questions concerning the mass loss rate and lifetime of the Orion Nebula proplyds. We can identify the following as approaches that will help resolve the situation. We need accurate emission line profiles for more proplyds than 177-341 and this expanded sample needs to include a variety of intrinsic distances from θ 1 C Ori. The key to obtaining this improved sample is through more accurate subtraction of the nebular background. This can best be done using the HST and we are able to report that Cycle 8 time has been allocated for just that, but only for the object 167-317, which lies close to θ 1 C Ori. It will be observed using the density sensitive doublet C III] at 1909Å. The power of the Keck I+HIRES system would also allow measurement of more proplyds from the ground. We need to determine the true radial velocity of θ 1 C Ori, which is presently highly uncertain, the most recent determinations being very different from earlier values (Stahl, et al. 1996 , O'Dell 1999 , with both the old and new values indicating large relative motions (but in opposite directions) with respect to the molecular cloud. We also need to have a self consistent model of the main body of the nebula, i.e. one that can explain both the current structure and flow of material, which will also demand explaining the small scale line broadening that may arise from Alfvén waves. It is important, too, to pursue observations and models that can guide us in understanding the role of extinction within the proplyd material. Finally, more reliable estimates of the disk masses are vital, although obtaining these poses formidable observational and theoretical challenges. , which are placed last due to their large thermal widths. The number of independent samples used by, respectively, the "small-sample" and "large-sample" methods are also indicated on each spectrum (note that only the "small-sample" method was used for [S III] 6312Å). (Johnstone et al. 1998) , driving a slow neutral flow, which, for most proplyds (Henney & Arthur 1997; Störzer & Hollenbach 1999) , accelerates to mildly supersonic velocities before shocking and passing through an ionization front (IF) at a distance of a few disk radii. In the IF the gas is rapidly accelerated to about 13 km s −1 , and continues to accelerate as it expands away from the IF and reaches progressively higher stages of ionization. The neutral flow in the tail is fed by diffuse UV photons, which evaporate the back side of the disk, and possibly also by gas that left the front side of the disk but was redirected into the tail by pressure gradients in the shocked neutral layer (Bertoldi & Johnstone 1999) . The ionized flow from the tail is induced by diffuse EUV photons, but stellar EUV photons entering from the side also play an important role in mantaining the ionization of the tail flow once it has left the IF, especially towards the front of the tail (Henney 1999) . Table 1 . Fig. 8 .-Histogram of proplyd mass loss rates from our spectroscopic sample (N = 4) and the Henney & Arthur (1998) sample (N = 27, excluding 2 objects that overlap with the spectroscopic sample). In all cases, the mass loss rates were calculated by scaling the result for 177-341 according to the measured value of n 0 r 2 0 for each proplyd. For those objects that lack prominent tails (N = 5), the scaled value was divided by 2. Taking into account the uncertainties in n 0 , r 0 , and u 0 , the the uncertainty in the mass loss rate for individual sources is about ±50%, or ±1 bin in the histogram. The mean mass loss rate is 3.2 × 10 −7 M ⊙ yr −1 for the Henney & Arthur sample and 9.8 × 10 −7 M ⊙ yr −1 for the spectroscopic sample.
